Parkinson's disease (PD) is a highly heterogeneous disorder, which probably consists of multiple subtypes. Aggregation of misfolded alpha-synuclein and propagation of these proteinacious aggregates through interconnected neural networks is believed to be a crucial pathogenetic factor. It has been hypothesized that the initial pathological alpha-synuclein aggregates originate in the enteric or peripheral nervous system (PNS) and invade the central nervous system (CNS) via retrograde vagal transport. However, evidence from neuropathological studies suggests that not all PD patients can be reconciled with this hypothesis. Importantly, a small fraction of patients do not show pathology in the dorsal motor nucleus of the vagus. Here, it is hypothesized that PD can be divided into a PNS-first and a CNS-first subtype. The former is tightly associated with REM sleep behavior disorder (RBD) during the prodromal phase and is characterized by marked autonomic damage before involvement of the dopaminergic system. In contrast, the CNS-first phenotype is most often RBD-negative during the prodromal phase and characterized by nigrostriatal dopaminergic dysfunction prior to involvement of the autonomic PNS. The existence of these subtypes is supported by in vivo imaging studies of RBD-positive and RBD-negative patient groups and by histological evidence-reviewed herein. The present proposal provides a fresh hypothesis-generating framework for future studies into the etiopathogenesis of PD and seems capable of explaining a number of discrepant findings in the neuropathological literature.
INTRODUCTION
During the 20th century, Parkinson's disease (PD) was thought to be a primary brain disorder characterized mainly by loss of pigmented dopaminergic neurons residing in the substantia nigra. More recently, it has become clear that PD is highly heterogeneous and probably consists of several subtypes [1, 2] .
In 2003, it was hypothesized that initial pathological alpha-synuclein (asyn) aggregates appear in the olfactory bulb and dorsal motor nucleus of the vagus (DMV) [3] . This concept immediately gave rise to the idea that PD pathology may in fact originate in synapses of the peripheral nervous system (PNS) and invade the brain from the olfactory epithelium and via retrograde axonal transport through the vagus, termed the dual-hit hypothesis [4] . This concept is supported by epidemiological evidence [5, 6] and the observation of pathological asyn aggregates in the PNS of PD patients up to 20 years prior to diagnosis [7] [8] [9] . In addition, the apparent prion-like behavior of asyn aggregation and S282 P. Borghammer and N. Van Den Berge / Brain-First vs. Gut-First Parkinson's Disease propagation provides a plausible mechanistic framework [10, 11] .
Nevertheless, the "periphery-first" hypothesis is still considered controversial and has been the subject of a large number of recent reviews [12] [13] [14] [15] [16] [17] [18] . This particular scientific discussion often takes a dichotomous format, i.e., evidence is examined to support that PD always originates in the PNS, or alternatively, that the pathology in all cases is initiated in the central nervous system (CNS). Rarely has it been considered that both of these scenarios could be true [2, 18, 19] .
In the present review, we will examine the proposition that Lewy Body disorders (LBD), including PD and dementia with Lewy bodies (DLB), comprise two distinct subtypes: (1) a PNS-first phenotype in which marked damage to the autonomic PNS precedes measurable damage to higher Braak stage structures, including the substantia nigra; (2) a CNS-first phenotype, in which marked damage to the substantia nigra precedes measurable damage to the autonomic PNS.
It is a central component of this hypothesis that the PNS-first phenotype appears to be strongly associated with the presence of REM sleep behavior disorder (RBD) during the prodrome of PD, whereas the CNSfirst phenotype is more often RBD-negative during the prodromal phase ( Fig. 1 ).
DEFINITIONS
Idiopathic RBD is a parasomnia defined by loss of REM sleep atonia and dream-enacting behaviors. After 15 years of follow-up, nearly all RBD cases will have converted to a manifest synucleinopathy, including PD, DLB, or rarely multiple system atrophy (MSA) [20] [21] [22] . Importantly, idiopathic RBD cases convert to approximately equal numbers of PD and DLB, which are considered part of the same disease spectrum covered by the umbrella term LBD. Most PD patients eventually develop dementia [23] , and there is not a single clinical or pathological trait, or molecular characteristic, which uniquely separates PD from DLB at the end stages of disease [24, 25] . Patients with PD or DLB diagnoses comprise a continuous spectrum with a considerable degree of overlap.
Thus, in the present review the concept of PNS-first vs. CNS-first LBD relates mainly to the RBD-status during the prodromal disease phase. In other words, it is hypothesized that patients with PNS-first LBD Fig. 1 . Schematic illustration of two hypothetical Lewy body disorder (LBD) phenotypes. The PNS-first phenotype is characterized by early, severe damage to the autonomic PNS. The asyn pathology mainly propagates retrogradely via autonomic connections to the medulla and brainstem. This phenotype is most often RBD-positive during the prodromal phase. The CNS-first phenotype is characterized by early, marked damage to CNS structures, including the substantia nigra, while the autonomic PNS is initially spared. The asyn pathology mainly propagates anterogradely from the CNS to the PNS. Patients are most often initially RBD-negative during the early motor phase. may eventually get either a PD or a DLB diagnosis, and similarly for the CNS-first subtype.
Also, the PNS-and CNS-first nomenclature presented here is based entirely on a description of the temporal appearance of measurable neuronal dysfunction in the PNS vs. CNS. It does not strictly imply that the initial LBD-related pathology necessarily originates in the PNS vs. CNS, although that seems probable. This is discussed in detail below.
IN VIVO IMAGING STUDIES
The importance of idiopathic RBD as a marker of the PNS-first phenotype is supported by a number of observations from in vivo human imaging studies. Figure 2 depicts representative cases from our imaging center as an illustration of this literature.
RBD-positive prodromal LBD
Five studies used 123 I-MIBG scintigraphies to investigate the cardiac sympathetic system in a total of 70 idiopathic RBD cases [26] [27] [28] [29] [30] . Of these cases, 94.3% displayed markedly reduced presynaptic functional tone of the cardiac sympathetic nerves compared to study-specific healthy control subjects. 18 F-DOPA PET (bottom row) in a healthy control (left column), a patient with idiopathic RBD (iRBD; middle), and a de novo H&Y stage I PD patient without RBD (right). Note that the iRBD patient shows severely reduced sympathetic cardiac innervation but almost normal striatal dopaminergic storage capacity. In contrast, the de novo PD patient without RBD shows normal cardiac innervation but markedly reduced striatal dopamine storage capacity. These cases represent the hypothesized PNS-first and CNS-first phenotypes, respectively. [MIBG heart/mediastinum ratios are scaled arbitrarily. The FDOPA images are scaled from 1 to 3.5 times the cortical background intensity.
Several studies have investigated the nigrostriatal dopamine system of idiopathic RBD using 123 I-FP-CIT SPECT (reviewed in [31] ) and 18 F-FDOPA PET scans [26] . In summary, this literature finds that a large fraction of idiopathic RBD cases, often more than 50% in each study, still have nigrostriatal dopamine innervation within normal limits.
Thus, idiopathic RBD cases, which almost always represent prodromal PD or DLB, are characterized by nearly obligatory sympathetic denervation, while the nigrostriatal dopamine system is fully or nearly intact in a large proportion of cases. Idiopathic RBD can therefore be considered a PNS-first phenotype (Fig. 1 left) .
RBD-negative prodromal LBD
Several large MIBG studies stratified PD patients according to Hoehn & Yahr (H&Y) stages, and reported concurrent findings [28, [32] [33] [34] . At H&Y stage I, a large fraction of PD patients (approximately 40-50%) still had cardiac sympathetic innervation within normal limits. In contrast, by H&Y stage III-IV nearly all scintigraphies disclosed severely reduced cardiac innervation.
The RBD status of PD patients in these studies was unknown. However, as mentioned above, more than 94% of idiopathic RBD cases display marked pathology on MIBG examinations, meaning that they will also have pathological MIBG scintigraphies, once they convert to PD or DLB. It can therefore be inferred that those de novo H&Y stage I PD patients with normal MIBG scans must be primarily RBD-negative. On the other hand, H&Y stage I PD patients nearly always show marked nigrostriatal dopaminergic denervation [35] .
Thus, a large fraction of de novo H&Y I PD patients without RBD are characterized by obligatory marked damage to the nigrostriatal dopamine system, while their cardiac sympathetic innervation is relatively normal. Such cases may therefore represent a CNSfirst phenotype (Fig. 1 right) .
IMAGING A GRADIENT OF PATHOLOGY
In a recently published study [26] , we aimed to image neuronal dysfunction in Braak stage I, II, and III structures of patients with idiopathic RBD [3] . We assessed Braak stage I using 11 C-donepezil PET, a measure of cholinergic (parasympathetic) gut innervation [36, 37] , and 123 I-MIBG scintigraphy to measure cardiac sympathetic innervation. Neuromelanin-sensitive MRI quantifies the integrity of pigmented locus coeruleus neurons, and 11 C-methylreboxetine (MeNER) PET visualizes noradrenergic nerve terminals originating from the coeruleus, both measures of Braak stage II. Finally, stage III was assessed with 18 F-DOPA PET. "HY" shows data from different H&Y stage data sets; "PD meta" shows the mean % reduction in PD patients' DaTscan putamen binding from a metaanalysis [31] , and "PD PPMI" the % putaminal reduction seen in early PD patients from the PPMI data set [35] . [Note that except for PDRP z-scores, the imaging parameters approximate loss of specific binding, i.e. heart/mediastinum ratio -1 for MIBG; SUV -1 for donepezil; locus coeruleus/pons -1 for neuromelanin MRI; putamen/occipital cortex -1 for FP-CIT & FDOPA. For didactic purposes the PDRP z-scores are listed as negative in this figure in contrast to common practice. See main text for study references.] We hypothesized that if the initial asyn pathology originates in the enteric nervous system (ENS) or autonomic PNS of RBD-positive LBD, we would see a bottom-up gradient of damage using this imaging battery. The duration of the prodromal phase in PD is conservatively set at 20 years [38] , so any PNS-first pathology has plenty of time to propagate throughout the autonomic connectome and inflict measurable damage on these neuronal systems years before the appearance of nigrostriatal damage. Indeed, we did find that patients with idiopathic RBD had fully developed pathology in the autonomic PNS and the locus coeruleus, equal to that seen in moderate stage PD. In contrast, most RBD patients had normal putaminal dopamine storage capacity confirming the presence of the hypothesized gradient. Figure 3 extends this concept by summarizing findings from several imaging studies -grouped such that they reflect damage to specific Braak stage structures. Each study included a group of PD patients and/or a group of idiopathic RBD patients in addition to a representative healthy control group. Within each individual study, the imaging parameter of the healthy control group was set to 100% and the percentage reduction in the patient groups was calculated.
In brief, the figure demonstrates that idiopathic RBD patients show more pronounced reduction on measures of sympathetic (MIBG scintigraphy) and parasympathetic (donepezil PET) integrity compared to H&Y stage I-II PD patients with unknown RBD status [26] [27] [28] 32] . Idiopathic RBD cases also show reduced neuromelanin content (MRI) in the locus coeruleus, which is on average similar to that seen in PD patients with RBD [26, 39, 40] , and more pronounced than that seen in PD patients without RBD [40, 41] .
In contrast, idiopathic RBD patients show on average only a 20-25% reduction in the level of putaminal dopaminergic presynaptic imaging markers compared to the more than 50% reduction seen in H&Y I-II PD patients [26, 31, 42] . Of note, more than 400 newly diagnosed PD patients and 193 matched controls have been included into the Parkinson's Progression Marker Initiative (PPMI) cohort. Fortyfour percent of patients in the PPMI cohort were H&Y I and 56 percent were H&Y II. Their baseline dopamine transporter (DaT) SPECT scan showed an average 67% reduction of putaminal specific binding ratios compared to the matched controls [35] .
Put together, these imaging measures of Braak stage I-III structures clearly demonstrate that P. Borghammer and N. Van Den Berge / Brain-First vs. Gut-First Parkinson's Disease S285 RBD-positive prodromal LBD is characterized by preferential damage to the autonomic PNS and the coeruleus, while initially leaving the nigra relatively intact.
The opposite gradient is seen in H&Y I-II PD patients with unknown RBD status. These patients are characterized by preferential damage to the dopamine system while the Braak stage I structures are relatively spared. Note that approximately 30% of H&Y I-II patients are expected to be RBD-positive [43] . Thus, it is expected that a group of pure RBD-negative H&Y I patients would show even less PNS pathology and therefore an even more striking, inverted gradient of pathology. However, no suitable studies have been conducted in such enriched patient groups. Nevertheless, the contrasting gradients shown in Fig. 3 are already fully compatible with the hypothesis that RBD-positive LBD represents a PNS-first phenotype, whereas RBD-negative LBD is a CNS-first phenotype.
Whereas damage to Braak stage I-III structures can be objectively measured with some degree of confidence, it is more difficult to unambiguously image the higher, cortical Braak stages. Figure 3 includes data from 18 F-fluoro-deoxyglucose (FDG) PET scans of cerebral metabolism. The PD related pattern (PDRP) is a well-validated measure to assess the severity of cortical metabolic perturbations in PD based on FDG PET scans [44, 45] . Although, there has been some controversies as to the physiological interpretation of the PDRP [46] [47] [48] , there is no doubt that cortical hypometabolism progressively worsens with increasing disease severity [49, 50] , and that the PDRP to some degree reflects this progression. Principal component analysis is used to determine the degree to which a single patient's FDG scan resembles the prototypical PDRP and a z-score is calculated. For that reason, the healthy control group always has a mean z-score of zero, and high z-scores signify more extreme perturbations of cerebral metabolism.
Two FDG PET studies investigated groups of idiopathic RBD patients and diagnosed PD and DLB, in addition to healthy controls [51, 52] . From these studies it is evident that the cortical metabolism is less perturbed in idiopathic RBD compared to H&Y I PD patients, and far less than higher stage PD patients and DLB patients. It is unknown to what extent the PDRP specifically reflects pathology to Braak stage IV-VI structures. It is certainly possible that the expression of the PDRP could in part be caused by damage to modulatory brainstem nuclei, including the locus coeruleus, raphe nuclei, substantia nigra, and nucleus basalis -all Braak stage II-III nuclei [3] . Nevertheless, the important point here is that idiopathic RBD showed relatively more normal cortical metabolism compared to H&Y I PD patients, once again reinforcing the claim that idiopathic RBD represents a PNS-first phenotype.
FUTURE MULTI-MODALITY IMAGING STUDIES
As mentioned above, no studies have simultaneously investigated the loss of dopaminergic innervation and the loss of autonomic innervation in prodromal LBD without RBD, or in de novo H&Y I PD patients without RBD. Figure 4A depicts the projected distribution of such data and illustrates how the hypothesis could be investigated by means of multi-modality imaging studies. Figure 4B shows our previously published data from idiopathic RBD, healthy controls, and PD patients [26] . It is evident that these RBD patients fall convincingly along the projected PNS-first route, and substantiates the concept of idiopathic RBD being a PNS-first phenotype. We are currently studying de novo PD patients without RBD with an identical imaging battery to test whether those patients follow the CNS-first route depicted with a grey arrow in Fig. 4A .
EVIDENCE FROM HUMAN HISTOLOGY
It seems clear that RBD is, in general, a marker of a more malignant PD phenotype with faster progression of motor and non-motor symptoms [53] . At autopsy, RBD-positive PD patients had significantly more asyn pathology in 9 of 10 investigated brain regions when compared to RBD-negative PD [54] . However, limited research has been conducted with respect to contrasting the amount of PNS asyn pathology in RBD-negative and -positive PD.
A recent study reported that 18 of 28 (64%) RBD-positive PD cases had pathological asyn aggregates in colonic biopsies compared to only 2 of 15 (13%) RBD-negative PD patients [55] . Another study reported asyn pathology in colonic submucosal biopsies from 4 of 17 (24%) idiopathic RBD patients but only in 1 of 19 (5%) PD patients with unknown RBD status [56] .
In a seminal paper on the use of submandibular gland biopsies [57] , 8 of 9 (89%) idiopathic RBD cases showed asyn pathology, when glandular tissue was present in the biopsy, and 52% of iRBD cases were asyn positive when including all biopsies. In diagnosed PD cases, 8 of 12 (67%) were positive in the glandular tissue, and 54% were positive when including biopsies without glandular tissue. Importantly, 92% of those PD patients with a clinical history of RBD were asyn positive, compared to 55% in PD patients without a clinical history of RBD (p = 0.06).
Put together, it appears that asyn pathology in the PNS is more frequent in RBD-positive PD compared to RBD-negative cases. But as mentioned above, asyn pathology is also more severe in the brain of RBD-positive PD patients, so it is possible that RBDpositive patients are simply characterized by more widespread asyn pathology in general.
Future studies will be needed to quantify the frequency and severity of asyn pathology in both the PNS and the CNS of idiopathic RBD compared to de novo PD patients without RBD. The development of an asyn-specific PET ligand would greatly facilitate such research. Based on the hypothesized PNS-first and CNS-first phenotypes in the present review, it is predicted that idiopathic RBD cases will show marked asyn pathology in the autonomic PNS but relatively minor pathology in the mesencephalon and limbic regions, whereas de novo RBD-negative PD patients have relatively little PNS pathology, but more pathology in higher Braak stage structures.
A total of 602 whole body autopsies have been performed as part of the Arizona PD consortium. In a recent review paper, the investigators mentioned that not a single case of "gut-only" asyn pathology has been found in this cohort [17] , but the full data set and methodology has not yet been published. Of note, other studies have reported a high prevalence of aggregated asyn in the colon and appendix of normal controls [8, 58] and in the small intestine of children infected by norovirus [59] , so differences in detection sensitivity needs clarification [60] .
Still, a lack of gut-only cases would seem to be a strong argument against the dual-hit hypothesis, but several factors need to be addressed. First, the Arizona study aims to include cases at risk of neurodegenerative disorders, and 46% of cases had some degree of asyn pathology in the CNS [61] . These CNS-positive cases are therefore not eligible in a study of "gut-only" pathology cutting the overall sample size nearly in half. Second, it is conceivable that initial ENS or PNS asyn pathology could be highly localized -perhaps covering only a few cm 2 . The human gastrointestinal canal measures approximately 8-10 meters at post mortem and has a geometric surface area of at least 7000 cm 2 . Thus, many hundreds of microscopy slides are required to rule out such localized gut pathology with any degree of confidence. Of note, the terminal end field of a parasympathetic motor neuron probably covers only a few cm 2 [62] . It is certainly possible that initially highly localized gut pathology could immediately propagate to the DMV, giving rise to the first CNS pathology, and thereby disqualifying this patient from being categorized as a gut-only case. Also, asyn aggregates are probably transported through the vagus relatively fast [63] , so the time window for identifying gut-only pathology may be quite narrow (a few weeks).
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Taken together, the reported lack of gut only cases therefore does not rule out that LBD could start in the ENS or PNS, but rather that such initial asyn pathology would probably be very localized or the time window for its detection very narrow. Finally, if the current hypothesis about PNS-first vs. CNS-first LBD is correct, only a fraction of LBD patients will have an initial "gut only" stage of asyn pathology. Finding these cases would therefore be even more difficult.
EVIDENCE FROM ANIMAL STUDIES
The concept of PNS-to-CNS propagation of asyn pathology is supported by several animal studies. It has been shown that asyn assemblies are efficiently transported both retrogradely and anterogradely through the vagus [63] [64] [65] . Oral challenge as well as intra-peritoneal, intra-muscular, and intravenous injections with asyn fibrils lead to widespread asyn pathology in the CNS of transgenic mice with A53T mutations [66] [67] [68] . Also, oral gavage with the pesticide rotenone in wild-type mice lead to the formation of pathological asyn assemblies in the DMV and medullary preganglionic neurons of the intermediolateral column, and possibly also in the substantia nigra [69] . This progressive pathology was prevented by hemi-vagotomy and partial sympatectomy [70] .
In a recent study, we performed injections with preformed asyn fibrils into the duodenum of transgenic rats, which overexpress human full-length wild-type asyn (Fig. 5) [71] . At 2-and 4 months postinjection, we detected very robust propagation of asyn pathology via the vagus nerve to the DMV, and via the sympathetic connectome to the coeliac ganglion and the intermediolateral cell column (IML). The pathology propagated rostrally in the brainstem with involvement of the locus coeruleus and subtantia nigra pars reticulata. Furthermore, we saw clear pathology in the cardiac sympathetic nerves probably derived from the sympathetic trunk, and also in the stomach, which could signify bi-directional vagal propagation (duodenum-to-DMV-to-stomach). Overall, this propagation pattern demonstrates the feasibility of the gut-first hypothesis, and substantiates that the cardiac sympathetic system can show early prodromal involvement even though the initial pathology originated in the ENS. A similar pattern of asyn propagation after duodenal injection was reported in 3-month-old wild-type mice after duodenal injection [72] . These authors also reported Fig. 5 . Injection of asyn preformed fibrils (PFF) into the duodenum of transgenic rats leads to robust propagation of phosphorylated, aggregated asyn through the sympathetic nervous system via the celiac ganglion (CMG) to the IML, and via the vagus nerve to the DMV. Caudo-rostral propagation was seen in the brainstem with involvement of the LC and substantia nigra pars reticulata (SNr). Striking asyn pathology was seen in the sympathetic nerves of the myocardium indicative of anterograde propagation from the cervical ganglia (CG) of the sympathetic trunk (ST). Pathology was also seen in the ENS of the stomach several centimeters from the injection site indicative of anterograde propagation from the DMV or celiac ganglion. No pathological asyn was seen in control transgenic animals injected with phosphate-buffered saline (PBS) in the duodenum. Of note, almost identical patterns of propagation through the autonomic connectome have been reported in animal models of true prion disorders, including bovine spongiform encephalopathy and scrapie [12, [73] [74] [75] .
However, other studies have failed to show convincing gut-to-brain propagation after peripheral seeding with asyn fibrils. Injection into the colon wall of young wild-type rats and non-human primates lead to persistent asyn pathology in the ENS, but only transient pathology in the DMV and locus coeruleus, which disappeared after 1 month [76] . Fibril injections into the stomach wall of young wild-type mice similarly lead to persistent ENS pathology, and marked asyn pathology in the DMV at 1.5 months post-injection, but the number of asyn aggregates in the DMV decreased significantly at the 12 month time point and no further caudo-rostral propagation was observed [77] .
A potential caveat of these studies was the use of young wild-type animals. Age is the greatest risk factor for PD [78] , and it is conceivable that young wild-type mammals, including humans, are capable of mounting a sufficient defense against the toxic insult applied in these studies, thereby minimizing or altogether preventing neuroinvasion of the peripherally administered seeds. Of note, the effects of age on the efficiency of asyn aggregation and propagation have received almost no attention so far, and nearly all studies employ young wild-type or young transgenic animals.
Interestingly, the Fischer-344 wild-type rat strain develops spontaneous asyn pathology in the ENS at old age [79] . When these aged rats were exposed to E. coli bacteria producing the functional bacterial amyloid curli, pathological asyn deposits were seen in both the ENS and brain, suggesting that a high age per se could be an underappreciated permissive factor for gut-to-brain propagation of asyn pathology [80] . The rotenone mouse model cited above also employed 1-year old wild-type animals, which may have facilitated the formation of asyn pathology in that model.
In summary, efficient gut-to-brain propagation of pathological asyn assemblies has mainly been seen in transgenic animals characterized by increased propensity to formation of asyn aggregates, whereas young wild-type animals appear to be more resistant. Important future research goals include studying whether different asyn strains might show differential capacity for neuroinvasion upon peripheral seeding [81] , as well as determining the importance of aging as an aggravating factor in this type of study.
IS PAF A VERY EARLY PNS-FIRST SUBTYPE?
Pure autonomic failure (PAF) is considered part of the LBD spectrum. Originally, PAF was defined by severe autonomic dysfunction in the absence of any CNS symptoms [82] . This definition may be in need of revision, since it has now been shown that a large fraction of PAF patients have RBD and olfactory dysfunction [83, 84] . Alternatively, patients with severe dysautonomia but also signs of CNS involvement should not be labeled as PAF.
Nearly all patients with PAF show severe loss of cardiac sympathetic innervation [83, 85, 86] , in addition to widespread asyn pathology in autonomic nerve fibres of the skin [85] . However, the vast majority of cases have normal presynaptic dopamine imaging status [85, 86] .
Only few patients with PAF have been examined at post mortem. The majority of these cases had Lewy pathology in relevant brainstem structures, including the DMV, locus coeruleus, substantia nigra, and nucleus basalis [87] [88] [89] [90] [91] . These data underscore a close relationship between PAF and the common LBDs, and indeed suggest that PAF may be a subtype of LBD characterized by especially severe, early autonomic dysfunction. In support, recent longitudinal studies reported that PAF patients show a high conversion rate to manifest PD or DLB [83] . Importantly, the vast majority (96%) of these converters were RBD-positive. Thus, it seems probable that PAF and idiopathic RBD are closely linked manifestations of prodromal, PNS-first LBD.
Of the 42 patients who had not yet converted to PD, DLB, or MSA, 30 showed clear signs of CNS involvement including probable RBD, impaired olfaction, or subtle motor signs. Only 12 cases remained free of any signs of CNS involvement including RBD [83] . These observations raise the intriguing possibility that PAF may be the most pristine form of PNS-first LBD. In short, PAF may in some or most cases be characterized by damage initially restricted to the autonomic PNS (Braak stage I). Once the pathology has spread and inflicted sufficient damage to the pons (Braak stage II), RBD emerges. Eventually, higher Braak stages are involved giving rise to either parkinsonism or cognitive decline and consequently a diagnosis of PD or DLB. This hypothesis could be tested by following longitudinally a group of RBDnegative PAF patients to study whether such patients first develop RBD, which is then followed by conversion to PD or DLB. This would lend additional support to the concept of a PNS-first phenotype.
THE CNS-FIRST TYPE AND NEUROPATHOLOGICAL STAGING
Skepticism concerning the dual-hit hypothesis and the Braak staging system derives in part from a number of discrepant findings in the neuropathology literature. Several studies have reported that ∼20-50% of PD patients do not conform to the Braak staging scheme [19, [92] [93] [94] . Importantly, 7-17% of cases do not exhibit asyn pathology in the lower brainstem including the DMV [92] [93] [94] [95] . Also, many of the regions showing Lewy pathology have never been rigorously assessed for cellular dysfunction and degeneration. It was recently suggested that Braak staging seems valid for young onset PD patients with an extended motor-phase, but less so for late onset, rapid course PD [96] .
These findings argue against a uniform etiology and site of onset in all LBD patients. However, the diverging neuropathological findings fit perfectly with the concept of separate CNS-first and PNS-first phenotypes. In this scenario, such variation would be expected, especially given the cross sectional nature of post mortem studies, which most often include heterogeneous patient groups at various clinical and neuropathological stages.
Finally, it is important to note that approximately 10-20% of DLB patients initially have normal DaT SPECT scans. With time the majority of these scans become abnormal [97, 98] . Such DLB patients could represent CNS-first cases, in whom the pathology possibly started in the limbic system and caused cognitive decline prior to marked dopaminergic damage. However, they could also represent PNS-first individuals, who have a particularly resistant nigrostriatal dopamine system thereby delaying the onset of parkinsonism.
FAMILIAL PD
More than 20 familial PD mutations have been characterized [99, 100] . The majority of these mutations are very rare and few imaging studies have been performed. Most patients with the Parkin mutation have normal MIBG scans [30, [101] [102] [103] [104] . Quattrone et al. reported that one of two patients with the DJ-1 mutation had normal MIBG, and one of two patients with the PINK-1 mutation had normal MIBG [104] . Thus, a large percentage of these autosomal recessive mutation carriers had relatively normal cardiac sympathetic innervation.
Approximately half of 28 European patients with LRRK2 mutations had normal MIBG [30, 104] , and most Japanese patients with the I2020T mutation also had normal MIBG [105] .
In contrast, all examined symptomatic carriers (n = 4) and 2 of 3 asymptomatic carriers of the E46K PARK-1 mutation had markedly abnormal MIBG [106, 107] . In patients with PARK-4 (multiplication of the asyn gene SNCA), two symptomatic patients with SNCA triplications had reduced cardiac sympathetic innervation, whereas two asymptomatic carriers had normal innervation [108] . Two symptomatic carriers of SNCA duplications also had reduced cardiac innervation [109] . Finally, ten of eleven patients with mutations in the betaglucocerebrocidase (GBA) gene had pathological MIBG [110] [111] [112] .
In summary, it seems that relative conservation of cardiac innervation is more common in some types of familial PD than in idiopathic PD. Exceptions include PD patients with GBA mutations and SNCA multiplications, in whom reduced innervation is seen in nearly all symptomatic cases and in some asymptomatic SNCA mutation carriers. These findings suggest that the pathogenic mechanism introduced by some mutations may facilitate a CNS-first subtype, whereas the GBA and SNCA mutation carriers seem to be characterized by early, marked sympathetic denervation resembling more the PNS-first phenotype.
However, given the limited data no firm conclusions can presently be drawn. Longitudinal multi-modality imaging studies initiated during the asymptomatic phase is needed to elucidate whether autonomic denervation or dopaminergic denervation is first to appear in different types of familial PD.
PNS-START OR CELLULAR VULNERABILITY
Based on the evidence presented in this review, the existence of the PNS-first and CNS-first phenotypes seems difficult to dispute. However, for the moment these phenotypes refer only to the observed temporal appearance of measurable neuronal dysfunction. The available evidence does not prove that the initial asyn pathology, or any other pathology relevant for development of LBDs, arises initially in the PNS vs. the CNS, although this seems probable. Nevertheless, alternative explanations are possible.
The observed patterns of PNS-first vs. CNS-first damage, striking as they may be, could have arisen from inter-individual variations in cellular vulnerability factors. It is theoretically possible that the observed inverted gradients depicted in Fig. 3 are caused by differential vulnerability profiles in the autonomic PNS and relevant CNS structures including the nigral dopamine system. At the moment there is no evidence to support this alternative hypothesis and future research is therefore needed.
Fortunately, it will be possible to test a number of relevant hypotheses in human tissue samples. In short, different vulnerability profiles should be evident in easily identifiable RBD-positive vs. RBDnegative de novo LBD patients. If such studies fail to produce evidence of neuronal vulnerability patterns that mirror the observed gradients of neuronal dysfunction, it must be considered increasingly likely that these gradients simply reflect the site of origin of LBD pathology.
THE OLFACTORY BULB
Although the olfactory bulb is an integral part of the dual-hit hypothesis, it will be only briefly discussed in this review. Hyposmia is a frequent, but not universal finding in newly diagnosed PD patients. On average, 70-80% of early cases show decreased olfaction test scores [113] [114] [115] , and autopsy studies have reported that asyn pathology restricted to olfactory bulb is not uncommon [17, 116] . Interestingly, a recent study reported that only 48% of de novo PD patients with normal MIBG were hyposmic, compared to 71% of those patients with abnormal MIBG scintigraphy [113] . This finding is compatible with the interpretation that the olfactory system is less affected in CNS-first PD patients with normal MIBG, which again might suggest that the pathology in some of these cases did not originate in the olfactory bulb.
Recent rodent studies have demonstrated that projection neurons located in the SN and the LC directly innervate the olfactory bulb [117, 118] . If such projections exist in humans, asyn pathology could rapidly propagate from the olfactory bulb to these key brainstem structures. However, anterograde propagation from the brainstem to the olfactory bulb would also be possible. A recent study showed that injection of asyn fibrils into the olfactory bulb of wild-type mice leads to recruitment of endogenous ␣-syn into pathological aggregates that spread trans-neuronally to remote brain regions [119] . However, to our knowledge anterograde asyn propagation from brainstem nuclei to the bulb has not been studied.
In summary, the olfactory bulb shows clear asyn pathology in the vast majority of PD cases, and it was hypothesized that the bulb might be one possible entry point of asyn pathology originating in the periphery. Inhaled pathogens or toxins might initiate the first asyn pathology in the olfactory epithelium of susceptible individuals. Swallowed nasal secretions would then expose the gastrointestinal lining to the same pathogens, thus setting the stage for the dual-hit hypothesis.
However, in line with the ideas presented in this review, this pathogenic process may occur in only a subset of PD cases -the PNS-first subtype. Conceivably, the olfactory bulb could sometimes be affected without involvement of the ENS, and vice versa. And in other patients, the initial pathology could arise within the CNS and reach the olfactory bulb via anterograde spreading. In support, some incidental Lewy body cases showed isolated asyn pathology in the amygdala, LC, or dorsal medulla without involvement of the olfactory bulb [17, 116] . Such cases may represent prodromal CNS-first patients, in whom olfactory bulb pathology would arise later.
CONCLUSIONS
Patients with PD display highly heterogeneous symptoms and variable involvement of different neuronal systems during the early disease phases.
Here we have proposed that this heterogeneity can be explained in part by dividing PD into a PNSfirst and a CNS-first subtype. The former is tightly associated with RBD during the prodromal phase and is characterized by marked autonomic damage before involvement of the dopaminergic system. In contrast, the CNS-first subtype is most often RBD-negative during the prodromal phase and characterized by nigrostriatal dopaminergic dysfunction prior to involvement of the autonomic PNS.
It is possible that these subtypes are determined by the location of the initial asyn pathology, which may originate in the ENS or autonomic PNS in the PNS-first subtype, and in the brainstem or limbic sys-P. Borghammer and N. Van Den Berge / Brain-First vs. Gut-First Parkinson's Disease S291 tem in the CNS-first subtype. Alternatively, the two subtypes may be caused by different patterns of cellular vulnerability.
